A thermal measurement system to monitor ce rebral blood flow (CBF) continuously from the cortical surface is evaluated in vivo. It has a temperature resolu tion of better than O.OOl°C (1 mOC) and can compensate for baseline temperature fluctuations in the brain tissue.
Summary: A thermal measurement system to monitor ce rebral blood flow (CBF) continuously from the cortical surface is evaluated in vivo. It has a temperature resolu tion of better than O.OOl°C (1 mOC) and can compensate for baseline temperature fluctuations in the brain tissue.
A new approach has been developed to test the capability of monitoring dynamic CBF response. Transient CBF changes associated with changes in mean arterial blood pressure (MABP) caused by repeated bolus norepineph rine injections are used to examine the response of the measurement system in both the heated mode, sensitive to flow, and the unheated mode, sensitive only to tem perature. Experiments on 13 rats demonstrate that changes in the MABP are closely correlated with those of Many techniques have been developed to mea sure cerebral perfusion or cerebral blood flow (CBF). The principles of those methods are based on widely different physical phenomena: clearance of inert gases (Kety and Schmidt, 1948; Aukland et al., 1964) , radioactive tracers (Landau et al., 1955; Kety, 1985) or heat (Perl, 1962) ; the fractional dis tribution of a tracer trapped in capillaries (Sa pirstein, 1958) ; and Doppler shift in laser beams (Nilsson et al., 1980; Smits et al., 1986) . Each method has special advantages and disadvantages. Quantitative evaluation of perfusion based on clear ance of inert gas or radioactive tracers can be used to obtain sequential measurements. The temporal resolution of these discrete measurements is on the temperature difference in the heated mode. Regression analysis shows a mean slope of 0.9 mOC/mm Hg in the heated mode, which is significantly different from zero (p < 0.002) and from the mean slope in the unheated mode (p < 0. 002). This indicates that flow signal in the system output can be distinguished from the baseline thermal fluctuations. Thus, the system can be used to detect and study dynamic perfusion changes from the brain surface with minimal tissue damage. Furthermore, analysis of the data shows that the transient flow signal before autoreg ulation is linearly correlated with changes in MABP. Key Words: Cerebral blood flow-Mean arterial blood pres sure-Thermal flow measurement-Temperature-Heat transfer-Autoregulation-Transient CBF response. order of minutes. Continuous perfusion measure ments with these agents are not available. Although the laser Doppler method has a temporal resolution of <1 s, its output can not be readily transformed into a quantitative evaluation of perfusion. Instead, it is widely used to provide a relative measure of perfusion changes rather than an absolute estima tion of perfusion.
Thermal methods to evaluate CBF can be classi fied as continuous or transient. By continuous de livery of heat and measurement of temperature, rel ative perfusion can be continuously monitored (Bowman, 1984; Kondo et al., 1968; Wei et al., 1990) . Thermal methods with transient heat inputs can be analyzed to yield quantitative perfusion es timates (Chen et al., 1981; Johnson et al., 1979; Bowman, 1984) at discrete points in time. The ad vantages of both methods can be obtained from a single measurement system, which allows the ther mal method to be self-calibrated and to yield quan titative, continuous estimation of perfusion (Abra movich-Sivan et al., 1991) . Recently, we have de veloped a unified transient and steady-state heat transfer model that provides the basis for the quan titative measurement of cerebral perfusion (Wei et aI. , 1990; Wei, 1993) . Application of the theory, however, requires analysis of noise caused by tem poral and spatial variations of temperature in the tissue before this quantitative potential can be ful filled.
We have implemented a thermal measurement system to estimate cerebral perfusion continuously from the cortical surface (Wei, 1993) . This estima tion is based on the heat transfer analysis of the thermal probe placed on the tissue surface during a constant heat input to the tissue (Wei et aI. , 1990) . With two thermistors, the system can compensate for baseline temperature fluctuation. To emphasize the capability of our system to measure dynamic CBF changes, we have adopted a new approach to evaluate the thermal measurement system in vivo. Our approach uses transient flow changes associ ated with changes in mean arterial blood pressure (MABP) caused by bolus norepinephrine injections to evaluate the response of the measurement sys tem. The effect of thermal noise on the measure ment is examined and shown to be of secondary importance. In addition, the transient CBF re sponse before autoregulation is investigated in rela tion to changes in MABP.
METHODS

Thermal measurement system
The basic principle of our thermal system for CBF mea surement can be stated briefly. A temperature field is created in cerebral tissue by a heated thermistor placed on the cortical surface. The heat is conducted into the surrounding tissue and dissipated at a rate related to blood perfusion. In addition to the perfusion, the temper ature rise of the heated thermistor is a function of the thermal properties of the tissue and the thermistor, the thermistor size, and the heating power input (Wei et aI., 1990) .
To measure dynamic changes in CBF, it is necessary to use small thermistor probes to reduce the heat capaci tance. However, as the heat-source thermistor gets smaller, the sensitivity will suffer. In order to detect the same perfusion change, the temperature resolution of the instrument has to be higher. Since thermistor resistance is a function of absolute temperature, the thermistor tem perature depends on the baseline temperature of the brain tissue, which can fluctuate (0. I-1°C) under normal phys iological situations, in addition to perfusion. The temper ature field surrounding the heated thermistor is superim posed on the original (or unheated) temperature field of the tissue. To compensate for the baseline temperature changes, another thermistor with the same size and sim ilar temperature resistance characteristics is used to mea sure the reference temperature (Wei, 1993) .
Two thermistors were placed in homologous positions on the two cerebral hemispheres (Fig. I) . Thermal insu lation material (styrofoam, 7 mm in diameter) was used to J Cereb Blood Flow Metab, Vol, 13, No, 4, 1993 Heated thermistor Skull ----. minimize the heat exchange between the tissue/ther mistor and the environment and to increase perfusion sensitivity. One thermistor (with temperature output Ts) was used as both a heat source and a temperature sensor, while the other thermistor (with temperature output TT) served as a reference temperature sensor. The simulta neously measured temperature difference of these two thermistors (T T -Ts) was used to detect perfusion changes when the source thermistor was heated (heated mode). When the source thermistor was not heated (un heated mode), the temperature difference reflected base line variation. The measurement accuracy of temperature changes of the system was better than 10-3 °C (or 1 mOC).
Animal preparation
Thirteen Sprague-Dawley rats, weighing 320-420 g, were used to evaluate the thermal flow measurement sys tem in vivo. The animals were anesthetized with pento barbital (50 mg/kg) or halothane (0.9-1.4%). Pentobarbital animals received supplemental anesthetic (10 mg/kg) in travenously every hour or when blood pressure increased in response to a tail pinch.
After tracheotomy, the rats were ventilated mechani cally (Rodent Ventilator, Model 681, Harvard Apparatus, South Natick, MA, U.S.A.) with a mixture of 30% O2 and 70% N2• Polyethylene catheters were inserted in the fem oral arteries bilaterally for recording blood pressure and for sample withdrawal to evaluate Pac02, Pa02, pH, and hemoglobin concentration (ABL3, Radiometer America, Westlake, OR, U.S.A.). The femoral vein was cannu lated for the injection of supplemental anesthetic and blood pressure-regulating drugs. Body temperature was maintained at 37°C with a servo-controlled heating lamp and rectal thermistor (Model 74, Yellow Springs, Inc., Yellow Springs, OH, U.S.A.). Pac02 was maintained close to 35 mm Hg by adjusting the respiration rate. An imals were heparinized (100 IU, heparin sodium 1,000 IU/ml) to maintain freely flowing catheters and were also given gallamine triethiodide (20 mg/kg) as needed for pa ralysis.
Two cranial windows were created for the thermistor probes by first removing scalp tissue above the cranium. Two homologous sections of skull, approximately 7 mm in diameter, were removed with dura intact. The animal was transferred into an infant incubator (Isolette, Air shields, Inc., Hatboro, PA, U.S.A.) to reduce fluctua tions in environmental temperature and positioned prone in a stereotaxic device (David Kopf Instruments, Tu iunga, CA, U.S.A.). The incubator temperature was reg ulated within O.I°C of 32-33°C so that the cortical tem perature was approximately 37°C. An additional fan in the chamber mixed the air to reduce temperature gradients inside the incubator. The thermistor probes were each encased in a 7-mm-diameter styrofoam cylinder. A spring connected this insulation cylinder to a telescopic cylin der, which was fastened to a micromanipulator. This sys tem minimized the pressure on the brain surface while keeping the thermistor in good contact with the brain tis sue. The probes were placed gently on the brain surface approximately 2-3 mm caudal to the bregma. This was monitored by the temperature and temperature difference measurements and the small compression of the spring. Mter the probes were in place, mineral oil was applied to fill the possible gap between the tissue and the insulation material. The contact of the thermistor with the brain prevented an oil layer between the probe and the tissue.
Experimental procedure
Surgical preparation took about 1 h and was followed by 3-6 h of measurement and recording. The arterial blood pressure and end-tidal CO2 were monitored contin uously to ensure that normal physiological conditions and adequate anesthesia were maintained. MABP was ob tained by a pressure transducer (Model DT-XX, Viggo Spectramed, Oxnard, CA, U.S.A.) with a low-pass filter (cut-off frequency 0.05 Hz) (Model 13-4615-58, Gould Electronics, Valley View, OH, U.S.A.) and sampled on line by a computer through an analog/digital (AID) con verter. The reference temperature and the temperature difference of the two thermistors were sampled by 16-bit AID converters and sent to a computer for on-line con tinuous monitoring and off-line analysis (Wei, 1993 mg/m!) norepinephrine caused transient changes in arte rial blood pressure. To evaluate the flow measurement system, it was necessary to have repeatable perfusion changes of controlled magnitude in the same animal. Dif ferent doses of the drug were delivered by changing the delivery rate of the infusion pump (Syringe Infusion Pump, Model 22, Harvard Apparatus) under computer control. Electrical power was applied alternately to the heat source thermistor to produce periods with and with out heating. The temperature differences in the corre sponding heated or unheated modes were measured along with the reference temperature before, during, and after bolus norepinephrine injection.
Analysis of temperature response
We analyzed changes in the temperature difference as sociated with transient blood pressure changes that oc curred before the onset of autoregulation to examine the system sensitivity, dynamic response, and effect of ther mal noise. The change of the temperature difference at the peak of the MABP from the temperature difference just before the pulse injection was used as an index of tissue perfusion in the heated mode or an index of thermal noise in the unheated mode:
!l(Tr -Ts) = (Tr -TJk" -(Tr -Ts)ipo (1) where the evaluation of the temperature difference oc curred at P max ' the maximum MABP reached due to the bolus injection, and at Po, the MABP before the bolus injection (Fig. 2) . The set-point of the temperature rise caused by heating was subtracted from Ts and Tr -Ts in the heated mode.
Two linear regressions were performed between !l(Tr -Ts) and t:.P max = P max -Po obtained on the same animal: one in the unheated mode and the other in the heated mode. The slopes and intercepts obtained were compared with zero using a two-tailed Student's t test. The slopes for the two modes were compared with each other with paired t tests. The relationship between !l(Tr -Ts) and t:.P max was represented by both a second-order polynomial and a linear model. The relationship was deemed linear if the second-order model did not differ significantly from the linear model (F test on the sum of the squared errors). Finally, the mean value of the slopes and intercepts from all animals were obtained. The mean slope for the heated mode was compared with that for the unheated mode with a paired t test. A p < 0.05 was con sidered to show a statistically significant difference from the null hypothesis.
RESULTS
The baseline values of hemoglobin concentration, MABP, and arterial blood gases before bolus nor epinephrine injections are presented in Table 1 . Baseline MABP and the level and pattern of end tidal CO2 were maintained during the experimental period.
Representative responses of temperature and temperature difference to a sudden MABP change caused by bolus injection of norepinephrine in the same animal (animal no. 4 of Table 2 ) are shown in Figs. 3 and 4 . In the unheated mode, the increases in both temperatures measured by the two passive thermistors were associated with the increase in MABP (Fig. 3A) . The temperature difference, Tr -Ts (Fig. 3B) , which theoretically should remain con stant, did change with MABP with a maximum of 11 moe in this case. This was an indication of the in trinsic thermal fluctuation in the tissue caused by eBF changes. In general, the direction of change in Tr -Ts was not consistent. In the heated mode, the responses of Tr and Ts to MABP change are shown J Cereb Blood Flow Metab, Vol. 13, No. 4, /993
in Fig. 4A . The rate of increase in Tr changed ini tially in response to a sudden MABP increase. The sudden decrease in Ts reflected heat removal by increased tissue perfusion associated with the MABP increase. The maximum change in temper ature difference (Fig. 4B ) was greater than 40 moe, over three times larger in the heated mode than that in the unheated mode.
For each animal, up to 37 bolus injections with different norepinephrine doses were performed, al ternating between the heated and unheated modes. The changes of temperature difference, /:"(Tr -Ts), are plotted against the maximal MABP changes, t:.P max' with linear regression results in heated ( Fig.  5A ) and unheated (Fig. 5B ) modes for a single ani mal (animal no. 12 of Table 2 ). The slope and the intercept in the unheated mode were not signifi cantly different from zero. The slope for the heated mode was significantly different from zero (p < 0. 002) and significantly different from that of the unheated mode (p < 0. 002). The intercept, on the other hand, was not significantly different from the theoretically expected value of zero. Table 2 lists the regression results for all the an imals. The slopes in the heated mode were signifi cantly different from zero (p < 0. 05) except in one animal, but the slopes in the unheated mode were not significantly different from zero except in two animals. In every animal, the slope in the heated mode was significantly different (p < 0.05) from the slope in the unheated mode. Therefore, a positive linear correlation existed between the change of the temperature difference in the heated mode and the change of MABP, which did not occur in the control case (unheated mode). The curvilinearity test for each animal in the heated mode showed that the relationship between a(Tr -Ts) and !:lP max was lin ear because there was no significant improvement in the fit with a second-order polynomial.
The mean values of the linear regression results in heated and unheated modes are compared in Fig.  6 . The mean slope in the heated mode was 0,91 mOC/mm Hg. It was significantly different from zero (p < 0. 002) and from the mean slope value (p < 0.002) in the unheated mode.
DISCUSSION
The continuous measurement of tissue perfusion is important for the study of CBF changes under normal physiological and pathophysiological condi tions. Based upon a theoretical understanding of heat transfer, the thermal method permits perfusion to be related to the measurement of temperature changes. Although the thermal method has the po tential to be fully quantitative through self-cali-bration, it is necessary to distinguish temperature changes associated with perfusion from inherent fluctuations of the tissue temperature, as we have done here, before this potential can be fulfilled. By examining the relation between the changes in tem perature difference and MABP, we can not only evaluate the sensitivity of the system to changes in perfusion, but also explore the linearity between transient changes in perfusion and MABP.
Validation principle
One way to evaluate a method for CBF measure ment is to analyze the system response to flow changes produced by CO2, However, although the initial CBF response to a CO2 challenge may be fast, it would take minutes for CBF to reach steady state. Also, there is great animal-to-animal variabil ity in CO2 reactivity. Our measurement system, however, was designed with a response time of 1-2 s. Therefore, a different approach was developed to examine the responsiveness of the measurement system to the changes in CBF. Specifically, we used bolus injections of norepinephrine to produce a fast MABP change. Although CBF is maintained constant, or autoregulated, in the steady state be tween MABPs of 60-150 mm Hg (Paulson et aI., 1990) , transient CBF changes occur in response to a sudden change in arterial blood pressure before au toregulation takes place (Florence and Seylaz, 1992) . Most quantitative CBF measurement tech niques based on transient clearance analysis do not have sufficient temporal resolution to detect this rapid transient response. U sing our thermal mea surement system, however, we can follow such a change. Conversely, the dynamic characteristics of Table 2 ). The 95% confidence limits are shown for the heated mode, with a slope of 0.55 mOC/mm Hg that is signif icantly different from zero (p < 0.05) and different from the slope in the unheated mode (p < 0.002). The intercept coef ficients of the two modes and the slope in the unheated mode are not significantly different from zero.
the system can also be tested due to the rapidity of the CBF response.
Perfusion and MABP before autoregulation
Statistical analysis indicated (Table 2 and Fig. 6 ) that the temperature difference change, !J.(Tr -Ts), in the heated mode was linearly related to the changes in MABP before the onset of autoregula tion. Furthermore, in the unheated mode, we found that !J.(Tr -Ts) was statistically unrelated to MABP, as demonstrated in Fig. 6 . Theoretically, we expect a linear relationship between tissue per fusion and the cerebral perfusion pressure, which is determined primarily by the MABP. Consequently, we infer that the CBF is the major component in !J.(Tr -Ts) in the heated mode.
Our data indicate that the initial changes in CBF, after an increase in MABP but before the autoreg ulatory response, are linearly related to MABP.
J Cereb Blood Flow Metab. Vol. 13, No. 4, 1993 Thus the transient flow response to a sudden MABP change is passive before the autoregulatory process is initiated. This is a new finding based on the fast response of our thermal measurement system.
Effect of heating on CBF
A vailable evidence from studies on hyperthermia shows that cerebral blood flow would be increased slightly as the brain is heated. For example, the data by Uda and Tanaka (1990) suggest that arterial blood flow to the locally heated area in the brain (by a radiofrequency interstitial heating device) in creased by 30% when the brain temperature in creased from 37 to 42°C. Assuming a linear relation ship in this range, the slope would be �6% per °C. The mean thermistor temperature is set to be �2.3°C above the tissue temperature. Based on our previous work (Wei et aI., 1990) , the highest tissue temperature is at the tissue-thermistor interface and is estimated to be �2°C. Therefore, we would expect a maximum CBF increase of < 12% by ex trapolating the results of Uda and Tanaka (1990) . Table 2 . 'Significantly different from zero (p < 0.002); �sig nificantly different from the value in the unheated mode (p < 0.002).
The mean CBF increase would be less than this because of the exponential drop of temperature away from the thermistor.
Baseline temperature compensation
Errors in temperature measurement come from two sources: the measurement system itself and the temperature fluctuations associated with perfusion in the animal. The errors associated with the mea surement system have been analyzed and presented elsewhere (Wei, 1993) . Although the absolute level of underlying temperature fluctuations in the tissue is independent of the measurement system, the rel ative proportion of the perfusion signal to the fluc tuation in the thermal output, or signal-to-noise ra tio, is related to the size of the heated thermistor. Larger thermistors are more sensitive to a given change in perfusion and, therefore, will have a greater signal-to-noise ratio. However, a smaller thermistor will have a faster dynamic response due to a decreased heat capacitance. To measure dy namic responses of the order of 1 s, the thermistors of our system must be very small (0.64 mm in di ameter), which requires that our system have suffi cient temperature resolution and high measurement accuracy of temperature changes to enhance the signal-to-noise ratio.
Our experiments show that the baseline temper ature of cortical tissue changes on the order of 0.1 °C (Figs. 3A and 4A ). In order to use a bioheat transfer model (Perl, 1962) to relate the temperature changes to perfusion, we must measure the temperature dif ference between the heat source and the reference sensor to compensate for baseline temperature vari ations. The reference temperature sensor must be placed outside the temperature field created by the heat source.
In the heated mode, the system output contains two components: one is the intrinsic temperature difference change in the live cortical tissue (thermal noise), and the other is the change caused by per fusion (signal). In the unheated mode, only the in trinsic temperature difference is recorded. There fore, if there were no thermal noise and the baseline temperature compensation were perfect, the tem perature difference would not change with perfu sion. In reality, however, the temperature differ ence in the unheated mode does vary with perfusion as shown in Fig. 3B . Other investigators have in serted heated and reference thermistors into the tis sue and observed baseline drift of the temperature difference during blood withdrawal, infusion, and blood flow cessation (Abramovich-Sivan et aI., 1991) . Our analysis suggests that the baseline drift observed by these workers is due to small differ-ences in CBF-induced temperature changes that oc cur at different thermistor locations.
To examine this possibility, we have switched back and forth between the heated and unheated modes to compare the output associated with per fusion and that associated only with the underlying thermal fluctuations in the tissue, because the un derlying thermal fluctuation is independent of the two operating modes. Thermal fluctuations during rapid changes in CBF come from nonuniform tem poral and spatial temperature changes in cerebral tissue as demonstrated in Fig. 3A . As the blood pressure increases with the injection of norepineph rine, the baseline of the temperature difference changes. The change is most probably associated with the position of the two probes in relation to large pial arteries, and slight differences in contact of the probe with the cortical surface. The direction of the fluctuation in the unheated mode appears to be random, as shown by the positive and negative values of temperature difference in Fig. 5B .
Because of metabolic activity, body temperature of the anesthetized animals is usually several de grees higher than the incubator temperature. Be cause the thermal insulation material used to cover the exposed brain surface and the probe is not com pletely adiabatic, an intrinsic temperature gradient near the surface will develop. Moreover, there are local variations in tissue vasculature surrounding the two thermistors. When the source thermistor is not heated, the temperature difference of the two thermistors depends on the position and contact of each thermistor with the tissue surface. As a con sequence of probe placement, the absolute temper atures of the two thermistors will differ according to their positions relative to this intrinsic temperature field. The arterial blood temperature can also be different from the tissue surface temperature mea sured by thermistors. Furthermore, local variations in tissue vasculature can produce different changes in local perfusion in response to a change in MABP. These factors can change the temperatures (mea sured by unheated thermistors) associated with MABP changes (Tp Figs. 3A and 4A ) and the dif ference in heat transfer dynamics for the two un heated thermistors as shown in Fig. 3B .
Some researchers (Weinbaum et aI., 1984; Jiji et aI., 1984; Song et aI., 1987; Zhu et aI., 1988) have proposed heat transfer models that incorporate the geometry of the renal vasculature. This, however, is not helpful unless the vasculature geometry of the tissue immediately under the probe is known. Fur thermore, the incoming arterial blood temperature cannot be accurately predicted, and the arterial blood flow from large pial arteries is not uniformly distributed on the cortical surface. The heat transfer between these large vessels and the tissue in the imperfectly insulated cranial windows can cause a baseline temperature variation that is not feasible to model. Experimentally, the compensation error can be minimized by controlling the temperature of the environment and carefully positioning the thermis tor probes on the tissue.
Quantitative estimation of perfusion
Our system is designed with the objective of quantitative determination of continuous CBF. Al though our goal is similar to that of Abramovich Sivan et al. (1991) , differences exist in system de sign, probe placement, and implementation. First, their mathematical model of the system ignored the heat transfer process at the interface of the therm istor and the tissue. Secondly, they did not estimate errors associated with the baseline temperature compensation. Our in vivo experiment indicates that as the temperature sensitivity of the measure ment system becomes high, the relative importance of the error caused by the thermal fluctuations in the tissue becomes larger. Therefore, it is necessary to evaluate the compensation error if perfusion is quantitatively estimated from the temperature dif ference measurement in the heated mode, espe cially when the probe is small.
To quantify the continuous CBF changes caused by MABP challenge, the transient analysis of heat clearance can be used. Our thermal measurement system is capable of using both transient and con tinuous heating modes to obtain a quantitative and continuous estimation of perfusion on the same sub ject.
Procedures for quantifying the continuous perfu sion measurement have been developed by using a consistent heat transfer model of the thermal mea surement system in continuous and transient heat ing modes (Wei, 1993) . The transient behavior of the system response to heating power changes can be analyzed and used to estimate the model pa rameters in the steady-state relation between the system output and perfusion. Based on the esti mated parameters, the mean calibration coefficient of the system is estimated to be -1.0 ml 100 g -I min -I moC -1 . Since the accuracy of the temper ature difference measurement is -1 mOC, the per fusion resolution of the system is approximately 1 ml 100 g -I min -1 . Using the mean calibration coef ficient from animal experiments, we can quantify the transient CBF response to sudden MABP changes. The mean slope coefficient obtained here can be estimated as 0.9 ml 100 g-l min-1 mmHg-l .
Since the temperature difference is directly used J Cereb Blood Flow Metab, Vol. 13, No. 4, 1993 to infer perfusion changes in continuous heating, errors associated with temperature difference mea surement will be translated directly into perfusion measurement errors. Thermal fluctuations associ ated with CBF changes are generally random for a single animal. They are usually independent of the measurement system, but are closely related to the probe-tissue interface and the thermal environment of the animal. The acceptable signal-to-noise ratio without any correction is dependent on the magni tude of the perfusion signal to be measured and the accuracy requirement. In general, repeated mea surements and other random signal processing tech niques can be used to differentiate the signal from noise to improve measurement accuracy. In our ex perimental situation of repeatable MABP chal lenges of different magnitude, we used linear re gression to make statistically valid comparisons to evaluate the CBF sensitivity of the measurement system. If we had wanted to examine the waveform of the CBF responses, we could have used repeat able MABP challenges of the same magnitude and extracted the flow response from the noise by using waveform averaging technique, a strategy similar to that used for the collection of evoked potentials. In these cases, the unheated mode can be used as a reference to assess the magnitude of possible errors in continuous CBF measurement. The capability of detecting small perfusion changes depends on the perfusion sensitivity and resolution, which are determined by the probe size and the accuracy of temperature measurement of the system, and on the accuracy of the perfusion measurement, which, in addition, is also influenced by the thermal fluctuations in the brain tissue. Al though our measurement system is sensitive to and can resolve perfusion changes of 1 ml 100 g -I min -1 (Wei, 1993) , the measurement accuracy is practi cally limited by thermal fluctuations in the perfused tissue and the environment surrounding the tissue and the probes. When thermal noise cannot be ne glected and is comparable to the temperature equiv alent of the perfusion signal to be detected, re peated measurements and statistical analysis are usually necessary to improve the accuracy, as we have done here.
CONCLUSION
There is a significant difference in the output of our system, based on a valid thermal model that incorporates baseline temperature compensation, to sudden MABP changes between the heated and unheated modes. The temperature difference in the heated mode is distinct from the thermal fluctua-tions in the cortical tissue. We have found that be fore autoregulation occurs, the temperature differ ence (or perfusion) changes linearly with rapid changes in MABP. Because of the dynamic re sponse of the measurement system, it can be used to study the transient phase of CBF in the initial stages of autoregulation and other quickly respond ing physiological processes.
